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Abstract. The influence of the environment on gas surface density and star formation efficiency of cluster spiral 
galaxies is investigated. We extend previous work on radial profiles by a pixel-to pixel analysis looking for asym- 
metries due to environmental interactions. The star formation rate is derived from GALEX UV and Spitzer total 
infrared data based on the 8, 24, 70, and 160 /xm data. As in field galaxies, the star formation rate for most Virgo 
galaxies is approximately proportional to the molecular gas mass. Except for NGC 4438, the cluster environment 
does not affect the star formation efficiency with respect to the molecular gas. Gas truncation is not associated 
with major changes in the total gas surface density distribution of the inner disk of Virgo spiral galaxies. In 
three galaxies (NGC 4430, NGC 4501, and NGC 4522), possible increases in the molecular fraction and the star 
formation efficiency with respect to the total gas, of factors of 1.5 to 2, are observed on the windward side of 
the galactic disk. A significant increase of the star formation efficiency with respect to the molecular gas content 
on the windward side of ram pressure-stripped galaxies is not observed. The ram-pressure stripped extraplanar 
gas of 3 highly inclined spiral galaxies (NGC 4330, NGC 4438, and NGC 4522) shows a depressed star formation 
efficiency with respect to the total gas, and one of them (NGC 4438) shows a depressed rate even with respect 
to the molecular gas. The interpretation is that stripped gas loses the gravitational confinement and associated 
pressure of the galactic disk, and the gas flow is diverging, so the gas density decreases and the star formation 
rate drops. We found two such regions of low star formation efficiency in the more face-on galaxies NGC 4501 
and NGC 4654 which are both undergoing ram pressure stripping. These regions show low radio continuum emis- 
sion or unusually steep radio spectral index. However, the stripped extraplanar gas in one highly inclined galaxy 
(NGC 4569) shows a normal star formation efficiency with respect to the total gas. We propose this galaxy is 
different because it is observed long after peak pressure, and its extraplanar gas is now in a converging flow as it 
resettles back into the disk. 
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1. Introduction 

The cluster environment affects spiral galaxies in two main 
ways: (i) gravitational interactions between the galaxy and 
the gravitational potential of the cluster or between two 
galaxies lead to distortions of the stellar and gas distri- 
bution and (ii) the hydrodynamical interaction between 
the hot intracluster gas and the galaxy's ISM (ram pres- 
sure stripping) which does not act on the stars. The sign- 
posts of active ram pressure stripping are (i) truncated 
gas disks within the optical radius and/or a one-sided gas 
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tail together with a symmetric stellar distribution (Chung 
et al. 2007, 2009), (ii) asymmetric ridges of polarized ra- 
dio continuum emission (Vollmer et al. 2007) and (iii) low 
radio-to-far infrared ratios (radio-deficit regions; Murphy 
et al. 2009) at the opposite side of the gas tail. Dynamical 
modelling of several Virgo cluster spiral galaxies lead to 
the following overall picture: the extraplanar gas tails are 
of relatively high column density if we observe the galaxy 
near a strong ram pressure peak. After peak ram pressure, 
the column density of the tail decreases significantly with 
time (Vollmer 2009). The polarized radio continuum emis- 
sion traces the compression of the ISM by ram pressure. 
In the compression region, the gas surface density is ex- 
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pected to be enhanced with respect to that of an isolated 
symmetric galaxy. This may be actually observed in the 
best-studied case of a more face-on galaxy undergoing ac- 
tive ram pressure stripping in the Virgo cluster, NGC 4501 
(Vollmer et al. 2008a), where the Hi surface density dis- 
tribution is asymmetric, and higher on the windward side. 
The compression is expected to be stronger for small incli- 
nation angles between the galactic disk and the ram pres- 
sure wind (more edge-on stripping), since the gas near the 
leading edge is pushed into the gas of the inner disk. 

How does star formation react to the ram-pressure in- 
duced distortions of the gas distribution? Observationally, 
the observed star formation rate is linked to the total 
gas column density Sg by a power law (Schmidt law): 
i;* cx with 1.5 < < 2 (Schmidt 1963, Kennicutt 
1998a). This law is widely used and mostly based on inte- 
grated quantities of the molecular and atomic gas, and the 
star formation activity of a galaxy. However, one should 
bear in mind that it is an oversimplification of reality 
(e.g., Wong & Blitz 2002, Jogee et al. 2005, Wong 2009). 
Recent investigations on resolved gas and star formation 
distributions of nearby spiral galaxies with ~ 1 kpc reso- 
lution show that beyond the central ^ 1 kpc star forma- 
tion is approximately proportional to the molecular gas 
surface density {N - 1; Bigiel et al. 2008, 2011). This 
means that the star formation efficiency of the molecular 
gas SFEjnoi = ^I*/Sh2 is constant with a Icr scatter of 
0.24 dex (Bigiel et al. 2011). 

Most galaxies show little or no pixel-to-pixel correla- 
tion between star formation and the atomic gas surface 
density (Bigiel et al. 2008). On the other hand, the radial 
profiles of the total gas surface density are as well corre- 
lated to the star formation rate as those of the molecular 
gas (Leroy et al. 2008, Schruba et al. 2011). According 
to the latter authors, both relationships have roughly the 
same rank correlation coefficient. Whereas the SFR-H2 
correlation is in most cases linear, the SFR-(Hi-|-H2) shows 
a break at a gas surface density of ~ 14 M0pc~^. The 
slope of the SFR-(Hi-|-H2) relation in the Hi dominated 
outer regions {R > 0.4i?25) is much steeper than that of 
the inner region {R < 0.4i?25) dominated by the molecular 
gas. 

Do the star formation correlations, which were de- 
rived from nearby field spiral galaxies, still hold in per- 
turbed Virgo cluster galaxies? Fumagalli et al. (2008) used 
Nobeyama 45m (Kuno et al. 2007), VIVA (VLA Imaging 
of Virgo in Atomic gas) Hi (Chung et al. 2009), and Ha 
imaging of 10 Virgo spiral galaxies to study the relation 
between the radial profiles of gas content and star forma- 
tion. They showed that the bulk of star formation corre- 
lates with the molecular gas, but the atomic gas is claimed 
to be important in supporting the star formation activity 
in the outer part of the disks. 

We extend the work of Fumagalli et al. (2008) pre- 
senting a sample of 12 Virgo spiral galaxies (Tabled]) for 
which imaging Hi, CO, infrared, and UV data exist. We 
are interested in the gas content and star formation effi- 



ciency on a pixel-by-pixel basis to detect asymmetries due 
to environmental interactions. Our results are compared 
to the recent work based on THINGS (Wafier et al. 2008) 
and HERACLES (Leroy et al. 2009) data. 

This article is structured in the following way: the 
data, on which the gas surface density and the star for- 
mation rate are based, are described in Sect. [2J We also 
provide a comparison between the total infrared emission 
estimate based on the 8, 24, 70, and 160 fj,m and that 
based on the 24 /im data alone. The results for the images 
of the atomic/molecular/total gas surface density and star 
formation rate are presented galaxy by galaxy in Sect. |31 
These results are discussed and interrelated in Sect. 2] fol- 
lowed by our conclusions (Sect. [SJ. 



2. Data 

We derive our sample of Virgo galaxies from the VIVA- 
SPITSOV (SPITzer Survey Of Virgo) multiwavelength 
surveys of 44 Virgo spirals which span a range of gas, stel- 
lar mass and star formation properties spread through- 
out the cluster. The VLA Imaging of Virgo in Atomic 
gas (VIVA; Chung et al 2009) provide the Hi observa- 
tions, while the mid-infrared (MIR) to far-infrared (FIR) 
imaging are obtained from the Spitzer Survey of Virgo 
(SPITSOV; Kenney et al. 2009, Wong et al. 2012a in 
prep.). The observations from SPITSOV are more sen- 
sitive by a factor of than the SINGS observations 
as SPITSOV is largely interested in detecting extrapla- 
nar and outer galaxy IR emission (Wong et al. 2012a 
in prep.). Our large multiwavelength ancillary database 
also includes optical BVR and Ha imaging (Koopmann 
& Kenney 2004) as well as optical spectroscopy (Growl 
& Kenney 2008). Furthermore, we use Ha images of 
NGC 4522 from Kenney et al. (2004), NGC 4330 from 
Abramson et al. (2011), and NGC 4438 from GOLDMine 
(Gavazzi et al. 2003). 

The gas surface densities are determined from the 
HI VIVA observations as well as CO observations from 
Nobeyama 45m/ Pico Veleta 30m. We estimate the star 
formation rates based on ultraviolet (UV) observations 
from the GALEX space telescope (Gil de Paz et al. 
2007) in combination with the SPITSOV observations. 
Compared to Fumagalh et al. (2008) we added NGC 4330, 
NGC 4438, and NGC 4522 to the sample. NGC 4330 and 
NGC 4522 are undergoing active ram pressure and show 
extraplanar Hi and UV emission (Abramson et al. 2011, 
Kenney et al. 2004). NGC 4438 had a strong tidal in- 
teraction ~ 100 Myr ago and is now undergoing strong 
active ram pressure stripping (Vollmer et al. 2005b). We 
removed NGC 4535 from the sample, because Spitzer data 
are not available for this galaxy. Our Virgo galaxy sample 
is presented in Table [TJ 
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Table 1. Spatial resolutions, gas morphologies, and interaction types. 



galaxy name 


(mag) (deg) 


D25 
arcmin 


HI linewidth'^) 
(km/s) 


Dist.f^) 
(deg) 


resolution^*' 
(arcsec) 


gas distribution 


interaction type 


NGC 4254 


1 n AA 




5.37 


250 


3.6 


40 


normal + HI tail 


tidal 


NGC 4321 




07 


7.41 


268 


4.0 


32 


normal 


none 


NGC 4330 


1 Q HQ 

io.uy 




4.47 


275 


2.1 


28 


truncated + HI tail 


active ram pressure 


NGC 4402 


12.64 


sn 

OU 


3.89 


288 


1.4 


18 


truncated + HI tail 


active ram pressure 


NGC 4419 


12.08 


74 


3.31 


382 


2.8 


18 


anemic + truncated 


past ram pressure? 


NGC 4438 




70 


<).:i 




1.0 


2") 


truncated + t^xtraplaiiar gas 


tidal + a( tiv(> ram pr 


NGC 4501 


10.50 


57 


6.92 


532 


2.0 


18 


truncated 


active ram pressure 


NGC 4522 


12.99 


79 


3.72 


240 


3.3 


20 


truncated + extraplanar gas 


active ram pressure 


NGC 4548 


10.96 


38 


5.37 


249 


2.4 


18 


anemic 


active ram pressure? 


NGC 4569 


10.26 


65 


9.55 


406 


1.7 


18 


truncated 


past ram pressure 


NGC 4579 


10.48 


38 


5.89 


371 


1.8 


44 


anemic + truncated 


none? 


NGC 4654 


11.31 


51 


4.90 


310 


3.4 


18 


normal + HI tail 


tidal + active ram pr 



Inclination angle; '^'observed HI width at 20% (from Chung et al. 2009); '^'Distance from M 87; common image resolution 



2.1. Gas surface density 

We calculate the local atomic mass surface density, Shi, 
from VIVA Hi observations (Chung et al. 2009). To con- 
vert from integrated intensity to Ehi, we use 

Em (Mqpc-2) = 0.020 x /21cm (K kms-^) , (1) 

which includes a factor of 1.36 to reflect the presence of 
helium (see, e.g., Leroy et al. 2008). 

The surface density of the molecular hydrogen, is 
estimated from CO emission. Following Leroy et al. (2008) 
we derive the from integrated CO intensity, Ico, by 
adopting a constant CO-to-H2 conversion factor Xco = 
2 X 10^° cm~-^(K kms~^)~^ and accounting for helium. 
This yields 

Eh. (M0PC-2) = 4.4 X /co(l - 0) (K kms-^) . (2) 

If C0(2-l) observations are available, we assume /co(2 — 
1) = 0.8 X /co(l — 0). All surface densities are projected 
surface densities. 

Nobeyama 45m telescope BEARS CO(l-O) data cubes 
(Kuno et al. 2007) were used for all galaxies except 
NGC 4330, NGC 4438, and NGC 4522, for which IRAM 
30m HERA C0(2-l) observations exist and are used 
as presented in Vollmer et al. (2008b, 2011). For all 
Nobeyama CO data, we produced maps of the gas dis- 
tribution (moment 0) by taking advantage of the Hi data 
cubes assuming that the CO line lies within the Hi line 
profile (sec VoUmcr et al. 2008). We first checked that the 
CO lines, where clearly visible, were located within the 



Hi line profiles. A first 3D binary mask was prodiiccd by 
clipping the Hi data cube at the 3a level. For the CO 
data cube, we calculated the rms noise level for each spec- 
trum in the velocity regions devoid of an Hi signal and 
subtracted a constant baseline. A second 3D binary mask 
was produced by clipping the CO data cube at a 3-4cr 
level according to the data quality. The Hi and CO 3D 
binary masks were added, applied to the CO data cube, 
and moment and moment 1 maps were created. If the 
moment map did not show residual noise and the mo- 
ment 1 map did not contain anomalies, we stopped the CO 
data cube processing (NGC 4321, NGC 4419, NGC 4501, 
NGC 4569, NGC 4579). In the other cases (NGC 4254, 
NGC 4402, NGC 4548, NGC 4654), a polynomial of order 
3 was fitted to the CO spectrum in the velocity regions 
devoid of an Hi signal and subtracted from the spectra. 
For these four galaxies, the second 3D binary mask was 
reconstructed by clipping the CO data cube requiring a 
3(7 level in three adjacent velocity channels. The Hi and 
CO 3D binary masks were then multiplied, the resulting 
mask was applied to the CO data cube, and moment 
and moment 1 maps were created. Because the signal-to- 
noise ratio of the Nobeyama CO data of NGC 4548, which 
displays a central Hi hole, did not permit the detection 
of the central region including the bar, we added deeper 
IRAM 30m CO (1-0) map of this central part of the galaxy 
(Vollmer et al. 1999) to the Nobeyama CO map. The typ- 
ical rms noise levels were 20-30 mK for both processing 
options. A 3(7 detection in three adjacent velocity chan- 
nels of 5 kms~^ leads to a limiting H2 surface density of 
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4-6 Mqpc"^. This procedure thus allowed for deeper and 
more reliable CO maps. To demonstrate the improvement 
of our new CO distribution maps compared to those re- 
sulting from clipping the CO data cube at a constant level 
of 75 mK which corresponds to the mean rms noise level 
in a 5 km s~^ channel of the Nobeyama CO atlas of nearby 
spiral galaxies given by Kuno et al. (2007), we show both 
maps for NGC 4501 and NGC 4402 in Fig. IXT] 

The spatial resolution of the CO(l-O) observations is 
15", that of the C0(2-l) 11". The resolution of the Hi 
maps varies between 18" and 40" (Table [1]). For the com- 
bination of both maps, we convolved the CO data to the 
Hi resolution. The total gas surface density was then cal- 
culated as Eg — + ^Hi- 

2.2. Star formation rate 

The star formation rate was calculated from the FUV lu- 
minosities corrected by the total infrared to FUV luminos- 
ity ratio (Hao et al. 2011). This method takes into account 
the UV photons from young massive stars which escape 
the galaxy and those which are absorbed by dust and re- 
radiated in the far infrared: 

^ 8.1 X IQ-^ (/(FUV) -I- 0.46 /(TIR)) , (3) 

where /(FUV) is the GALEX far uhraviolet and /(TIR) 
the total infrared intensity based on Spitzer IRAC and 
MIPS data in units of MJysr^^. E, has the units of 
MQkpc"^yr~^. This prescription only holds for a con- 
stant star formation rate over the last few 100 Myr. Since 
the star formation rate of Virgo galaxies can change more 
rapidly than this timescale due to environmental effects in 
the cluster (as in NGC 4330, NGC 4438, and NGC 4522), 
the uncertainty on the derived star formation rate be- 
comes larger in these cases. For these three galaxies we also 
show that star formation rate distributions based on Ha, 
which traces recent star formation within the last 10 Myr, 
and TIR (Figs. MM E3 and IrTT|) . For NGC 4330, we 
used the total Ha flux from Goldmine (Gavazzi et al. 
2003), for NGC 4522 that of Kenney et al. (2004) to cali- 
brate the WIYN Ha images. For NGC 4438, the Goldmine 
Ha flux calibration was adopted. We derived the star 
formation rate from the Ha surface brightness following 
Kennicutt (1998b): 

M, = i(/r„)/(1.26 X 10^1 ergs-i) (Moyr"!). (4) 

The full width at half-maximum (FWHM) of the 
point spread functions (PSFs), as stated in the Spitzer 
Observer's Manual (Spitzer Science Centre 2006), are 1.7, 
2.0, 6, 18 and 38 arcsec at 3.6, 8.0, 24, 70 and 160 /um, re- 
spectively. First, the data are convolved with kernels that 
match the PSFs of the images in the 3.6, 8, 24 and 70 /ini 
bands to the PSF of the Hi data (Tabled)). For ah galax- 
ies, except NGC 4254 and NGC 4579, the Hi resolution is 
significantly higher than that of the 160 /im data. Since 
we want to keep the highest possible resolution (~ 20"), 
the 160 /im data were only included for NGC 4254 and 



NGC 4579 in the analysis. Next, the data were re-binned 
to the common pixel size of the VIVA Hi maps. We exclude 
from the analysis regions not detected at the 3ct level in 
one or more wave bands. This resulted in a loss of surface 
of 10 % to 20 % compared to the regions with 24 /im 3(t 
detections with a tendency of less loss for truncated galax- 
ies. Following Helou et al. (2004), we subtracted the stellar 
continuum from the 8 and 24 /xm surface brightnesses (in 
MJysr^-'^) using 

/^(PAH 8fim) = I^{8pLm) - 0.232 It,{3.6fim) and (5) 

/^(24^m) ^ /^(24/im) - 0.032 I^{3.6fim) . (6) 

We calculated the TIR surface brightnesses using 

/(TIR) = 0.95i'/^(PAH 8/im) + 1.15i//^(24/im) + 

i^/^(70/xm) + i//^(160/xm) (7) 

based on equation (22) from Draine & Li (2007; see also 
Bendo et al. 2008). If the Hi image resolution is smaller 
than 30", we did not want to degrade the resolution of the 
final image set to the 38" resolution of the 160 /im data. 
In these cases we replaced /^(160/im) by 2.3 x Ii,{70^m), 
which corresponds to the observed relation for NGC 4254 
and NGC 4579. In most galactic environments the error 
introduced to /(TIR) is about 50 % based on the Draine 
& Li models. 

Leroy et al. (2008) and Bigiel et al. (2008) used a star 
formation recipe based only on the 24 /xm data: 

E, = 8.1 X 10^2 /(FUV) + 3.2 x 10"^/(24^m) . (8) 

To check the consistency between the two approaches 
(Eq.[7]and[8l), we present /(24/im) as a function of /(TIR) 
in Fig.[T]and[2] As shown by Kennicutt et al. (2009) there 
is good agreement between the two approaches. Since we 
included the 160 /xm data in the analysis of NGC 4254 and 
NGC 4579, we find that the TIR intensity based solely 
on the 24 /im intensity underestimates the TIR intensity 
based on Eq. [7] by up to a factor of two for low inten- 
sities around 0.01 MJysr^^. This is understandable, be- 
cause the stellar radiation field in these regions is weak, 
the dust temperature is thus low, and the fraction of the 
160 /xm emission to the TIR emission is high. For the other 
galaxies where we approximated the 160 /im intensity by 
2.3 times the 70 /im intensity, the TIR intensity based 
on the 24 /im intensity follows closely the TIR intensity 
based on Eq. [7] except in the galaxy centers where TIR 
intensity based on the 24 /im intensity overestimates that 
based on Eq. [T] This overestimation is most prominent for 
the nuclei of NGC 4419 and NGC 4569. We conclude that 
our star formation rate estimates are robust, with maxi- 
mum uncertainties of up to a factor of two in regions of 
high (~ 1 MJysr"^) and low (^ 0.01 MJysr"^) infrared 
surface brightnesses. 

2.3. Caveats on the H2 mass and SFR 

As in other works on the subject, we are using CO emission 
to trace the molecular hydrogen column density, used to 
calculate the SEE. 
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Fig. 1. Spitzer 24 /im intensity /(24/im) as a function of the total infrared intensity /(TIR) calculated using Eq. [7]on 
a pixel-by-pixel basis. The pixel have the size of a resolution element. The dotted lines correspond to offsets of 0.3 dex. 



However, the amount of H2 per unit CO emission, 
a.k.a. the iV(H2)//co ratio, clearly varies with galactocen- 
tric distance (Sodroski et al. 1995, Braine et al. 1997, and 
Braine et al. 2010). The A^(H2)//co ratio also increases 
with decreasing metallicity such that metallicity gradi- 
ents may be at least partially responsible for the radial 
A^(H2)//co gradient in galaxies. While the absolute cali- 
bration of metallicity measurements is uncertain, Magrini 
et al. (2011) show that for at least several galaxies in our 
sample, all the calibrations indicate metallicity gradients. 



Thus, it is likely that the H2 mass in the outer parts of 
these galaxies is underestimated by the CO measurements 
and the use of a constant "standard" iV(H2)//co value 
chosen for compatibility with other studies. 

The other ingredient in the SFE calculation, the star 
formation rate, is also affected by the metal content and 
probably other properties of the ISM. The dust extinction, 
and therefore the fraction of the stellar energy absorbed 
and re-radiated by the dust, decreases with decreasing 
metallicity. An opposite effect affects Ha or Far-UV based 
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Fig. 2. Spitzer 24 /iin intensity /(24/im) as a function of the total infrared intensity /(TIR) calculated using Eq. [7]on 
a pixel-by-pixel basis. The pixel have the size of a resolution element. The dotted lines correspond to offsets of 0.3 dex. 



estimates of the SFR as the emission in these bands is re- 
lated to the energy not absorbed by the dust. This can 
be readily seen through the sharp gradient in the Ha/24 
micron flux ratio in spirals (see e.g. Fig. 9 of Gardan et al. 
2007), providing a justification for the use of a dust -I- Ha 
or FUV based SFR indicator. These effects should become 
more visible as measurement quality increases. Moreover, 
the calibration of star formation rate indicators have been 
done for face-on galaxies and there may exist inclination 
effects which will contribute to the uncertainties. 



3. Results 

The resulting maps of the total gas surface density Eg = 
+ ^Hi, star formation rate E*, molecular fraction 
EH2/EHI, and star formation timescale = Eg/E* for our 
sample galaxies are presented in the appendix. Also shown 
is the relationship between the molecular/atomic/total 
gas surface density and the star formation rate on a 
pixel- by-pixel basis. The star formation rate as a func- 
tion of the molecular gas surface density for all sam- 
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pie galaxies is shown in the upper panel of Fig. [31 As 
Schruba et al. (2011), we observe systematic galaxy-to- 
galaxy variations of the star formation efficiency with re- 
spect to the molecular gas SFE„^oi of the order of 0.3 dex. 
These SFR/L(CO) galaxy-to-galaxy variations could be 
due to variations in the CO-to-H2 conversion factor, or 
they could be intrinsic variations of SFE^oi- Since we 
suspect variations in the CO-to-H2 conversion factor may 
be at least partially responsible for the galaxy-to-galaxy 
SFR/L(CO) variations, we scale the molecular gas surface 
densities by a factor which normalizes the SFR/L(CO) 
values for each galaxy, following Schruba et al. (2011). 
For NGC 4438, the normalization is based on the disk 
values. NGC 4522 and NGC 4654 show the highest nor- 
malization (1.5), NGC 4579 and NGC 4321 the lowest 
normalization (0.5 and 0.6, respectively). This normaliza- 
tion increased the Spearman rank correlation from 0.86 
to 0.92. The compilation of the normalized radial SFEj^oi 
distributions (lower panel of Fig. show the typical or 
average SFE^oi variations within a galaxy. We performed 
a linear regression to the initial and normalized data with 
a method that uses a Bayesian approach to linear regres- 
sion with errors in both variables (Kelly 2007). A con- 
stant error of 0.3 dex for the molecular gas surface den- 
sity and 0.2 dex for the star formation rate was assumed. 
The resulting slopes are 0.98 ± 0.04 for the data with a 
constant CO-to-H2 conversion factor and 0.91 ± 0.03 for 
the normalized data (Fig. i.e. the relation is very close 
to linear. The associated average star formation efficiency 
of the data with a constant CO-to-H2 conversion factor 
is SFE^oi = (5.5 ± 3.6) x 10"!" yr-^. The scatter of 
the normalized data is 3.1 x 10^^° yr^^- Previous studies 
showed that the star formation efficiency with respect to 
the molecular gas {SFE^oi = S^/Sj^^) outside the central 
'^kpc and averaged over regions > 1 kpc is about constant 
in nearby spiral galaxies SFEj^oi ^ 5 x 10^^" yi'^^ with 
a la scatter of 0.24 dex (Bigiel et al. 2008, Leroy et al. 
2008). This is also the case for the galaxies in our sample, 
except for the extraplanar (RA offset < —20") molecular 
gas of NGC 4438 (see Sect. [l^]). The pixel-by-pixel cor- 
relation between the star formation rate and the atomic 
gas surface density is very weak (Bigiel et al. 2008). On 
the other hand, the correlation between the radial pro- 
files of the star formation rate and the total gas surface 
density {SFEtot — S*/Sg, where Sg = Ehi + ^Ha, can 
be reasonably described by a broken power law (Leroy 
et al. 2008). We also observe a change of the slope at 
Sg ^ 30 M0pc^^. In regions that are dominated by the 
molecular gas phase (Eg > 30 Mopc"^), the pixel- by- 
pixel SFR-(Hi-|-H2) correlation is linear, because SFEj^oi 
is about constant. The correlation of the star formation 
rate with the total gas surface density of our galaxy sam- 
ple is less tight (Spearman rank correlation of 0.83) than 
that with the molecular gas surface density (Spearman 
rank correlation of 0.92). The use of the map of star for- 
mation efficiency with respect to the total gas SFEtot is 
thus of limited use, because locally it can take values be- 
tween zero and ^ 10~^ yr""'^. However, we think that it 
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Fig. 3. Star formation rate as a function of the molecular 
gas surface density for all sample galaxies. Upper panel: 
data with a constant CO-to-H2 conversion factor. Lower 
panel: with normalized molecular gas surface densities (see 
text). The solid lines represent a linear regression using a 
Bayesian approach to linear regression with errors in both 
variables (Kelly 2007). To guide the eye, the dotted lines 
represent offsets of a factor of two. Triangles represent 
data points within the disk of NGC 4438 (RA offset > 
—20"), diamonds points in the western extraplanar region 
(RA offset < -20"; see Fig. [8]). 



is still valuable to detect SFEtot asymmetries caused by 
environmental interactions. 

In the following we comment on each galaxy. We first 
give additional information on environmental interactions 
of the galaxies if available and then present our results. 
These are then correlated in Sect. 2] 

NGC 4254 (Fig. IB.1|) : this galaxy shows a huge (-- 
100 kpc) Hi plume to the north (Minchin et al. 2007, 
Haynes et al. 2007) most probably due to a past rapid 
flyby of a massive galaxy (Due & Bournaud 2008) which 
induced a prominent m=l spiral arm structure. Ram pres- 
sure might also act on this galaxy from the southeast 
(VoUmer et al. 2005a, Kantharia et al. 2008, Murphy et 
al. 2009). Phookun et al. (1993) separated an outer Hi 
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Fig. 4. Star formation rate as a function of the total gas 
surface density for all sample galaxies, except NGC 4438. 
Upper panel: data with a constant CO-to-H2 conversion 
factor. Lower panel: with normalized molecular gas surface 
densities (see text). The solid lines are the same as in 
Fig.H 

ring structure from the emission of the galactic disk. They 
suggested that this ring structure is made of backfalling 
gas. The Nobeyama CO(l-O) distribution is consistent 
with the IRAM 30m CO (2-1) distribution presented in 
Schruba et al. (2011). NGC 4254 is less molecular-gas rich 
than NGC 4321. The star formation rate is approximately 
proportional to the molecular gas density down to our 
detection limit of 5 Mqpc~^. The scatter increases from 
0.1 dex at high surface densities to 0.5 dex at our detec- 
tion limit. The star formation rate is proportional to the 
total gas surface density where the molecular gas domi- 
nates (down to ~ 20 M0pc~^). In the Hi-dominated re- 
gion below this value the star formation efficiency SFEtot 
decreases significantly and the correlation between the gas 
surface density and the star formation rate becomes poor. 
There are regions in the northern outer Hi ring structure 
where SFEtot ~ SFEui is significantly smaller (by a fac- 
tor of 2-3) than within the disk. 

NGC 4321 (Fig. |R2|) : this is the only galaxy in the 
sample which resembles closely a "normal" field spiral 



galaxy. The Hi distribution is symmetric and extends be- 
yond the optical radius. Its radio continuum properties in- 
cluding polarization are also normal (VoUmer et al. 2007). 
The Nobeyama CO(l-O) distribution is consistent with 
the IRAM 30m C0(2~l) distribution presented in Schruba 
et al. (2011). The galaxy is molecular-gas rich (Wong & 
Blitz 2002). The molecular gas fraction (EHa/Sni) is unity 
at about 0.7 x i?25. The star formation rate is proportional 
to the molecular gas surface density with a scatter of 0.2- 
0.3 dex. This proportionality seems also to hold for the 
total gas surface density, although with our CO detection 
limit of ^ 4 Mopc"^ we miss CO emission below a total 
gas surface densities of ^ 10 M0pc~^. 

NGC 4330 (Fig.|R3|: the Hi distribution is truncated 
within the optical disk to the northeast and has a low 
surface density tail to the southwest (Chung et al. 2009) 
without a stellar counterpart. No CO is detected in this 
gas tail (Vollmer et al. 2011). A UV tail is present in the 
southwest offset from the gas tail (Abramson et al. 2011). 
According to the dynamical model of Vollmer et al. (2011) 
the galaxy is moving to the north. This is supported by 
the location of a radio-deficit region (Murphy et al. 2009). 
The molecular fraction is highest at this side of the galaxy. 
SFEtot decreases by a factor of ^ 2 along the direction of 
the galaxy's minor axis from the northwest to the south- 
east. This gradient is also observed in the gas tail. The 
star formation rate is proportional to the molecular gas 
surface density down to a surface density of 1 Mqpc"^ 
with a small scatter of 0.1 dex. Because of the high in- 
clination of the galactic disk, the correlation between the 
atomic/total gas surface density and star formation is dif- 
ficult to interpret because of projection effects. 

NGC 4402 (Fig. |R5|): the Hi disk is truncated weh 
inside the stellar disk with a small Hi tail to the north- 
west. This galaxy also shows a compressed radio contin- 
uum halo (Growl et al. 2005) and a polarized radio con- 
tinuum ridge to the south. The galaxy thus undergoes 
ram pressure stripping from the south (Growl et al. 2005). 
The gas disk is mostly dominated by the molecular phase 
and star formation is approximately proportional to the 
molecular and total gas surface density with a scatter of 
0.2-0.3 dex. 

NGC 4419 (Fig. ESI): as in NGC 4402 the Hi disk is 
strongly truncated (Chung et al. 2009). Within the disk 
there is more gas to the northwest of the galaxy center 
than in the southeast as already pointed out by Kenney et 
al. (1990). This gas is dominated by the molecular phase. 
Because of the high infrared surface brightness of the nu- 
cleus which lead to PSF artifacts, we had to clip the image 
of the star formation rate at S* < 5 x 10""^ M0kpc~^yr~^. 
The galaxy nucleus has a very high gas surface density and 
star formation rate. The star formation rate is propor- 
tional to the molecular gas surface density with a scatter 
of 0.5 dex. 

NGC 4438 (Fig. IB. 71) had a strong gravitational inter- 
action ^ 100 Myr ago (Vollmer et al. 2005, Kenney et al. 
2008). It now undergoes strong active ram pressure strip- 
ping (Vollmer et al. 2005) leading to double line profiles in 
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the strong western extraplanar CO emission. The gas con- 
tent of NGC 4438 is dominated by the molecular phase. 
The star formation rate of the extraplanar region based on 
the Ha emission does not correlate with the total gas dis- 
tribution (Fig. IB.8|) . The star formation contours follow 
the gas contours only at the northern tip of the extra- 
planar region. The reason for this behavior is that most 
of the Ha emission in the extraplanar region stems from 
shock-ionized gas and not from Hii regions (Kenney & 
Yale 2002, VoUmer et al. 2009). We therefore rely on the 
star formation map based on UV emission. At molecu- 
lar gas surface densities > 15 Mopc^^ the star formation 
rate is proportional to the molecular gas surface density. 
At smaller molecular gas surface densities the correlation 
steepens. The star formation efficiency with respect to the 
molecular gas SFE^ioi — S^/Smoi decreases by about a 
factor of 3 between the disk and the extraplanar regions. 

NGC 4501 (Fig.[R9|): the Hi distribution is truncated 
at about the optical radius i?25 with a sharp edge to the 
southeast and more widespread Hi emission distribution 
at the opposite side (Chung et al. 2009). The polarized 
radio continuum emission shows a ridge to the southeast 
indicating that the ram pressure is acting on the ISM from 
this side (Vollmer et al. 2008a). This galaxy is molecular- 
gas rich (Wong & Blitz 2002) and has a central Hi depres- 
sion. Whereas the molecular fraction decreases along the 
minor axis to the northeast, it stays at a high level at the 
southwestern edge. SFEtot is uniform across the entire 
galactic disk except in the southeast where it is a factor 
of 2-3 lower than in the disk. Whereas the total gas sur- 
face density is quite high (^ 20 MqPC~^) in this region, 
the star formation rate is low (2 x 10"'^ M0kpc~^yr~^). In 
the inner part of the galactic disk, where the molecular gas 
surface density is higher than 40 M0pc~^, the star forma- 
tion rate is almost constant with increasing molecular gas 
surface density. At lower gas surface densities the correla- 
tion is linear with a large scatter (0.8 dex). An important 
part of this scatter is due to the low signal-to-noise ratio 
of the CO data. The star formation rate appears to be ap- 
proximately proportional to the total gas surface density 
with an extremely large scatter of 0.7 dex. 

NGC 4522 (Fig. iRlOl) : has a strongly truncated Hi 
distribution with high column density extraplanar gas to 
the northwest (Kenney et al. 2004) . The Ha emission dis- 
tribution is truncated at the same place in the disk as the 
Hi distribution, whereas the FUV distribution extends be- 
yond the Hi truncation radius. This is because NGC 4522 
was stripped very recently (several 10 Myr; Growl & 
Kenney 2006, Vollmer et al. 2006) and the timescale of gas 
stripping due to ram pressure is shorter than the timescale 
of FUV emission (--100 Myr). Thus beyond the Hi trun- 
cation radius, there is significant FUV emission from stars 
younger than ^ 100 Myr, although there is no ongoing 
star formation (within the last ~ 10 Myr) here. However, 
it is still possible to derive a meaningful star formation 
rate from either FUV or Ha in regions with HI emission, 
because FUV emission from ongoing star formation dom- 
inates the total FUV in these regions. The CO emission 



within the disk is more extended to the northeast, whereas 
only the southwestern extraplanar Hi emission blob shows 
a detectable molecular component. We also note that the 
molecular fraction along the minor axis is higher toward 
the southeast. Similar to NGC 4330, SFEtot of the ex- 
traplanar gas is about 3-4 times lower than that of the 
gas in the disk. The star formation rate is proportional 
to the molecular gas surface density down to 1 M0pc~^ 
with a small scatter (< 0.3 dex). Because of the high in- 
clination of the galactic disk, the correlation between the 
atomic/total gas surface density and star formation is dif- 
ficult to interpret because of projection effects. 

NGC 4548 (Fig. IB.12[) : is an anemic galaxy with a low 
overall Hi gas surface density, a central Hi hole (Cayatte 
et al. 1994), and a low star formation rate (Koopmann & 
Kenney 2004). Moreover, the galaxy has a prominent bar. 
Moderate star formation is detected in the center and in 
two spiral arms beginning at the end of the bar. The high- 
est gas surface densities are found in the center, the bar, 
and two spiral arms beginning at the end of the bar. The 
gas distribution is truncated at the optical radius. The 
poor signal-to-noise of the CO data at these low molec- 
ular gas surface densities does not permit to draw firm 
conclusions on the spatial distribution of the star forma- 
tion efficiency. Despite a large scatter (0.6 dex), the star 
formation is proportional to the molecular gas surface den- 
sity except in the bar region where the star formation rate 
is low compared to the molecular gas surface density. As 
in NGC 4501 the correlation between star formation and 
total gas surface density is poor. 

NGC 4569 (Fig. IB.13|) : has a strongly truncated gas 
disk with a one-sided arm structure to the west (VoUmer et 
al. 2004a, Chung et al. 2009). This arm structure consists 
of resettling ISM which has been pushed to larger galactic 
radii by a ram pressure stripping event ^ 300 Myr ago 
(Vollmer et al. 2004a, BoseUi et al. 2006). The Nobeyama 
CO (1-0) distribution is consistent with the IRAM 30m 
C0(2-l) distribution presented in Schruba et al. (2011). 
CO is detected at the northern tip of this arm. Within 
the disk the molecular fraction is higher on the southern 
side. There, SFEtot is ~ 2 times lower than north of the 
galaxy center. The star formation rate in the western arm 
is not significantly different from that of the disk. The star 
formation rate is proportional to the molecular gas surface 
density and the total gas surface density with a scatter of 
0.6 dex, because the ISM is dominated by the molecular 
component. 

NGC 4579 (Fig. IB.14|) : is the second anemic galaxy 
in our sample. As in NGC 4548 it has a prominent bar 
and a low overall low gas surface density and star forma- 
tion rate. The highest gas surface densities are found in 
two spiral arm departing from the end of the bar. In the 
smoothed image this leads to a quasi ring structure of the 
gas distribution. The gas distribution is truncated at the 
optical radius. Despite the low total gas surface density 
the molecular fraction is as high as in a "normal" galaxy 
like NGC 4321. The star formation rate is proportional to 
the molecular gas surface density with a scatter of 0.3 dex. 
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Since the molecular fraction is high in the entire disk, the 
correlation between star formation and the total gas sur- 
face density is only slightly steeper than that of the molec- 
ular gas surface density. The gap around Sg = 4 Mqpc^^ 
indicates that we are missing CO emission below our limit 
of Eh, = 4 M0PC-2. 

NGC 4654 fFig. [BT5)) : has a very extended Hi distribu- 
tion with a southeastern low surface density tail (Phookun 
& Mundy 1995). The star formation distribution also 
shows two small tails in this direction. Dynamical mod- 
elling suggests that this galaxy had a rapid tidal interac- 
tion in the past and is now undergoing low ram pressure 
stripping (Vollmer 2003). The distribution of the molecu- 
lar gas is asymmetric with more CO to the northwestern 
sharp edge of the Hi distribution. SFEtot is high in the 
galaxy center and the northwestern gas surface density 
maximum. It is particularly low in the southeast. The star 
formation is approximately proportional to the molecular 
gas surface density with a large scatter (0.7 dex) due to 
the poor signal-to-noise ratio of the CO data. 

4. Discussion 

The recent THINGS (Walter et al. 2008) and HERACLES 
(Leroy et al. 2009) surveys of local spiral galaxies provide 
an excellent comparison to our Virgo cluster sample. 

4.1. Gas content and molecular fraction 

The molecular and atomic gas content of the inner disks of 
our galaxy sample is not significantly different from that 
of local galaxies (Schruba et al. 2011). There are galaxies 
with high H2 surface densities and Hi depressions in the 
center: NGC 4321, NGC 4419, NGC 4501. This kind of 
gas morphology in the inner galactic disk is also present 
in the field, e.g., NGC 628, NGC 3351, NGC 5457. The 
central gas disks of NGC 4254, NGC 4402, NGC 4569, 
and NGC 4654 have high molecular gas surface densities 
with Hi gas surface densities close to the typical value 
of 5-10 Mqpc"^ (Leroy et al. 2008). Comparable nearby 
field galaxies are NGC 3521, NGC 5055, and NGC 7331. 
The molecular and atomic gas surface densities of the 
inner disks of NGC 4330 and NGC 4522 are interme- 
diateQ (- 10-30 Mqpc^^) ^j^j^ 

a molecular fraction of 
EHa/Sni ~ 1. Since these two galaxies are edge-on, pro- 
jection effects decrease the molecular fraction, because 
the inner disk measures are blended with the Hi-rich 
outer parts. For comparison, the nearby spiral galaxies 
NGC 2403, NGC 925, and NGC 3198 also show a molec- 
ular fraction around unity in the inner disk. There are 
two anemic galaxies with smooth spiral arms and char- 
acteristics between SOs and normal spirals in our sample: 
NGC 4548 and NGC 4579. Both have a low gas surface 
density everywhere together with a high molecular frac- 
tion R^^i = ShJEhi > 1 (Fig.©. 



^ The surface densities are not corrected for inclination. 



The global (without NGC 4548 and NGC 4579) un- 
normalized and normalized i?morSg relations have a 
Spearman rank coefficient of 0.7. As for the star forma- 
tion rate (Sect. [3]), we performed a linear regression to the 
initial and normalized data assuming a constant error of 
0.3 dex for the molecular gas surface density and a negli- 
gible error for the Hi surface density. The global (without 
NGC 4548 and NGC 4579) unnormalized and normalized 
Rmoi-^g relations have slopes of 2.0 ± 0.2 and 1.8 ± 0.2, 
respectively. Within most individual galaxies the relation- 
ship between -Rmoi and Eg is between linear and quadratic 
with a scatter of about 0.5 dex. But there is a much larger 
spread among galaxies. Although these values are not cor- 
rected for galaxy inclination, we note that the galaxies 
with extreme values of -Rmoi are all moderately inclined, 
so the spread of i?moi values with respect to gas density 
are intrinsic. Of particular interest are the anemic galaxies 
NGC 4548 and NGC 4579. Whereas the absolute molec- 
ular fractions of NGC 4548 and NGC 4579 are similar to 
those of the other galaxies, we observe a significant offset 
from the i?„ioi-Eg relation of the ten other sample galax- 
ies. This is contrary to the claim of Fumagalli et al. (2009) 
that the molecular fraction depends primarily on the total 
gas surface density (see also Gardan et al. 2007). A field 
counterpart of the two anemic cluster spirals is NGC 2841. 
Schruba et al. (2011) pointed out that early type galaxies, 
as NGC 2841, also display high molecular fractions at low 
total gas column densities. Indeed, NGC 2841, NGC 4548, 
and NGC 4579 are all Sb galaxies. Our results show that 
the molecular fraction depends on more than the total gas 
surface density. We suggest that the observed enhanced 
molecular fraction with respect to the total gas surface 
density is caused by an increased pressure due to the stel- 
lar surface density (Elmegreen 1993, Wong & Blitz 2002). 

Among the Virgo spiral galaxies of our sample 
NGC 4419, NGC 4402, NGC 4569, NGC 4330, and 
NGC 4522 show gas disks which are strongly truncated 
inside the optical disk. However, their inner gas disks have 
the same gas properties as the inner regions of normal spi- 
rals (see above). Since for all Virgo spirals of our sample we 
can find nearby galaxy counterparts for inner disk Hi and 
CO distributions, we conclude that gas truncation does 
not necessarily lead to a major change in the gas surface 
density distribution of the inner disk of Virgo spiral galax- 
ies (see also Fumagalli et al. 2009 for the radial profiles). 
On the other hand, molecular gas depletion occurs in field 
and cluster spirals. Four field and five cluster galaxies of 
the Fumgalli et al. (2009) sample (see their Table 1) are 
gas (Hi and CO) deficient. 

Can we identify a change in the molecular fraction due 
to ram pressure? Five galaxies are affected by an active 
ram pressure wind: NGC 4330 (Abramson et al. 2011), 
NGC 4402 (Growl et al. 2005), NGC 4438 (Vollmer et 
al. 2005b), NGC 4501 (Vollmer et al. 2008a), NGC 4522 
(Kenney et al. 2004, Vollmer et al. 2006), and NGC 4654 
(Vollmer 2003). In addition, NGC 4569 had its peak ram 
pressure ~ 300 Myr ago (Vollmer 2009) and is still affected 
by active ram pressure (Murphy et al. 2009, Wezgowiec et 
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Fig. 5. Molecular fraction Eh2/^hi as a function of the 
total gas surface density Sg ~ + Shi for all sam- 
ple galaxies except NGC 4438. Upper panel: data with a 
constant C0-to-H2 conversion factor. Lower panel: with 
SFR/L(CO)-nornialized molecular gas surface densities 
(see text). Symbols of different colors represent different 
galaxies. Black symbols represent the two anemic galax- 
ies NGC 4548 (triangles) and NGC 4579 (diamonds). The 
solid lines represent a linear regression to the data of all 
galaxies except NGC 4548 and NGC 4579 using a Bayesian 
approach to linear regression with errors in both variables 
(Kelly 2007). To guide the eye, the dotted lines represent 
offsets of a factor of two. 

al. 2011). AU these galaxies but NGC 4654 have strongly 
truncated gas disks, and CO is easily detected at the gas 
truncation radii, which are well inside the optical radii. 
But NGC 4654's gas disk is truncated at about the opti- 
cal radius, where CO emission is generally weak, and while 
strong CO is detected in the inner disk, the CO observa- 
tions of NGC 4654 did not have enough sensitivity to de- 
tect any faint CO out this far in the disk. Only NGC 4330, 
NGC 4501, and NGC 4522 show a 1.5-2 times enhanced 
molecular fraction on the windward side with respect to 
the leeward side (Fig. ^. In NGC 4330 and NGC 4522, 
projection effects make the interpretation of the high i?moi 
along the minor axis difhcult, because the atomic gas sur- 



face density within the galactic disk at the leeward side is 
polluted by stripped extraplanar gas. In NGC 4330 there 
are two regions of high i?inoi: (i) to the north along the 
minor axis and (ii) to the northeast of the galaxy cen- 
ter at the end of the major axis. The asymmetry with 
respect to the minor axis indicates that the latter region 
displays an enhanced molecular fraction. Therefore, the 
only unambiguous candidate regions for a ram-pressure 
enhanced molecular fraction are the northeastern upturn 
region in NGC 4330 (Fig. IB.3|) and the southwestern edge 
of NGC 4501's gas disk (Fig. EH). The interpretation of 
this effect is that ram pressure compresses the gas which 
becomes denser leading to a higher molecular fraction. 
Another case of a face-on viewed galaxy undergoing ac- 
tive ram pressure stripping is needed to confirm our sug- 
gestion. 

4.2. Star formation efficiency 

The ratio between star formation rate and molecular gas 
surface density is about constant for all but two Virgo 
cluster galaxies as shown by Fumagalli et al. (2008) for 
the radial profiles. The exceptions are NGC 4501, where 
the star formation rate increases much more slowly to- 
ward the galaxy center than the molecular gas surface 
density, and NGC 4438, where the star formation effi- 
ciency SFEtot — SFE^oi of the extraplanar gas is ~ 3 
times lower than that of the galactic disk. The scatter of 
the molecular gas consumption rate (^ 0.3 dex) is compa- 
rable to that derived from the nearby field spiral sample 
0.24 dex (Bigiel et al. 2008, Leroy et al. 2008, Schruba et 
al. 2011). A significant part of this may be explained by a 
galaxy-to-galaxy variation of the CO-to-H2 conversion fac- 
tor (Schruba et al. 2011). We thus conclude that in most 
cases the cluster environment does not affect the resolved 
2D star formation efficiency with respect to the molecu- 
lar gas, confirming the results of Fumagalli et al. (2008) 
based on radial profiles. However, in an extreme case as 
NGC 4438 extraplanar gas can show a significantly de- 
creased SFEynoi (Fig- El) • For galaxies with symmetric gas 
distributions the correlation between the star formation 
rate and the total gas surface density is as tight as that 
between the star formation rate and the molecular gas 
surface density (Tabled]). The rank correlation between 
the star formation rate and the total gas surface density 
is smaller than that between the SFR and the molecular 
gas surface density for galaxies with significant extrapla- 
nar Hi emission (NGC 4330, NGC 4522), because of a 
decreased star formation rate in the extraplanar gas. The 
opposite trend is observed for NGC 4654, although this 
may be an artifact caused the relatively poor quality of 
the CO data. The correlation between the star formation 
rate and the molecular gas surface density using a constant 
CO-to-H2 conversion factor is as tight as the correlation 
between the star formation rate and the total gas surface 
density. The correlation of the star formation rate and 
the SFR/L(CO)-normalized molecular gas surface density 
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Fig. 6. The three galaxies which show an enhanced molecular fraction at the windward side. Left panels: Total gas 
surface density contours on the molecular gas fraction Sna/^^Hi- Greyscale levels are (1,2,4,8,16,32) x 0.1. Right 
panels: Total gas surface density contours on the radio deficit region in greyscale (NGC 4330; from Murphy et al. 
2009) or the 6cm polarized radio continuum emission distribution (NGC 4501; from VoUmer et al. 2007; NGC 4522; 
from Vollmer et al. 2004b) . 



is tighter than the SFR-Eg correlation (Tabled]). Our find- 
ings are in agreement with those of Schruba et al. (2011) 
and in contrast to the findings of Fumagalli et al. (2008). 
We suspect that the latter authors based their claim on 



CO emission at radii larger than 0.5 x R25 where the de- 
tection is uncertain. 

In normal (non-anemic) nearby field spiral galaxies 
the transition between a molecular-gas-dominated and 
atomic-gas-dominated ISM occurs at 14 ± 6 Mopc~^ or 
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Table 2. Spearman rank correlation between the star for- 
mation rate and the molecular/total gas surface density. 



galaxy name 


molecular 


total 


NGC 4254 


0.90 


0.94 


NGC 4321 


0.96 


0.97 


NGC 4330 


0.98 


0.90 


NGC 4402 


0.94 


0.92 


NGC 4419 


0.81 


0.74 


NGC 4501 


0.82 


0.88 


NGC 4522 


0.97 


0.89 


NGC 4548 


0.48 


0.37 


NGC 4569 


0.85 


0.93 


NGC 4579 


0.88 


0.92 


NGC 4654 


0.67 


0.89 


all galaxies (constant CO to H2 factor) 
all galaxies (normalized) 


0.86 
0.92 


0.84 
0.83 



0.43 ± 0.18 X i?25 (Leroy et al. 20080 For lower gas sur- 
face density, where the ISM is mostly atomic, the corre- 
lation between star formation and gas surface density is 
weak. Regions of low gas surface densities (< 5 M0pc~^) 
are typically located outside the optical radius (i?25)- In 
these regions SFRtot SFRm and SFEtot ~ SFEm 
are low (SFRtot < 10"^ Mokpc-^yr"^ and SFEtot < 
IQ-w yj.-i. Bjgjgi 2010). Only NGC 4254 and 

NGC 4654, which have gas disks extending beyond the 
optical radius, show this behavior. In all other galaxies, 
the star formation rate in regions inside the optical disk 
with low total gas surface densities show relatively high 
star formation efRciencies {SFEtot — 2.5-5 x 10^^" yr^^)- 

Two galaxies in our sample are of particular interest: 
NGC 4548 and NGC 4579. Both are classified as ane- 
mic, i.e. their total gas surface density and star formation 
rate is low all over the galactic disk (Cayatte et al. 1994, 
Koopmann & Kenney 2004). Here we show that the reason 
for the anemic starforming disks is that they have a low 
total gas surface density. These galaxies show molecular 
fractions oi Rnm\ ~ 1 (Sect. BTT]) despite their low total gas 
surface densities. Whereas SFEj^oi is normal, their total 
star formation efficiency is relatively high {SFEtot ^ 2- 
5 x 10"^" yr~^)j because of the low Hi surface density. 
Anemic galaxies are also found in the field (Elmegreen et 
al. 2002): nearly all Sa galaxies with extended star for- 
mation over the whole galactic disk, even those in the 
field, were classified as anemic by van den Bergh (1976). 
The closest nearby galaxy counterpart is the Sb galaxy 
NGC 2841 which has a low gas surface density over the 
whole disk. Its total star formation efficiency with respect 
to the total gas is about 3 x 10^^" yr^^. 

The difference between NGC 2841 and the two anemic 
Virgo galaxies is that NGC 2841 's gas surface density re- 

^ The quoted gas surface density is corrected for inclination, 
whereas our gas surface densities are not corrected for inclina- 
tion. 




Tig: on SFR timescale 

jO^ ^ ^ - 

90 60 30 -30 -60 -90 

Arc Seconds 

CENTER: R.A. 12 27 45.38 DEC +13 00 31.4 J2000 



Fig. 8. NGC 4438, which shows asymmetric re- 
gions of decreased star formation efficiency, total 
gas surface density contours on the star forma- 
tion timescale — Eg/E*. Greyscale levels are 
(1, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100) 10 Myr. 

mains constant beyond the optical radius, whereas the gas 
surface density of the two Virgo anemic galaxies clearly 
declines between 0.5 x R25 and R25 (Chung et al. 2009, 
Schruba et al. 2011). Such a decline is also observed in 
the outer disk {R > 0.5 x R25) of the nearby spiral galaxy 
NGC 3627, which is part of a triplet and has a "classical" 
high column density gas distribution in the inner disk. 
Despite this decline the star formation efficiency SFEtot 
stays approximately constant in NGC 3627 (Schruba et 
al. 2011), a behavior which is also observed in the Virgo 
galaxies NGC 4548 and NGC 4579. Since we find the same 
behavior of the star formation efficiency SFEtot at low gas 
surface densities inside the optical disk in the field and 
cluster environment, we conclude that the relatively high 
star formation efficiencies of NGC 4548 and NGC 4579 are 
not due to the cluster environment. The most probable ex- 
planation for the high star formation efficiency SFEtot is 
a high metallicity and an enhanced gas volume density 
or pressure due to a higher stellar surface density via the 
gravitational potential (Vollmer & Leroy 2011) leading to 
a smaller free-fall time. The presence of a strong bar in 
NGC 3627, NGC 4548, and NGC 4579 might be related 
to their decreasing gas surface density inside the optical 
disk. To explain the observed star formation efficiencies 
in our Virgo cluster sample, we do not need to invoke an 
additional external thermal pressure (not ram pressure) 
from intracluster medium as suggested by Nakanishi et al. 
(2006). 

We observe an increase of the star formation efficiency 
with respect to the total gas SFEtot associated with 
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Fig. 7. Four galaxies which show asymmetric regions of decreased star formation efficiency. Left panels: star formation 
timescale i, = Sg/S*. Greyscale levels are (1, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100) 10 Myr. Right panels: spectral index 
distribution between 4.8 GHz and 1.4 GHz (NGC 4501 and NGC 4654 from VoUmcr ct al. 2010; NGC 4522 from 
Vollmer et al. 2004b). The greyscale levels are from 0.5 to 2.0 in steps of 0.1. The additional contour corresponds to 
a spectral index of 0.8. 
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the regions of high molecular fractions (see Sect. 14.11) in 
NGC 4330 (Fig. [13]) and NGC 4522 fFig. lBlOl) . but not 
in NGC 4501 fFig. lB.9|) . There is no significant increase of 
the star formation efficiency SFEtot on the windward side 
of ram pressure-stripped galaxies NGC 4402, NGC 4569, 
and NGC 4654. The main difference between the distri- 
butions of the star formation efficiency in nearby field 
and Virgo cluster spirals are asymmetric regions of very 
low star formation efficiencies with respect to the total 
gas [SFEtot < 10-1° yr~i) in NGC 4254, NGC 4330, 
NGC 4438, NGC 4501, NGC 4522, and NGC 4654. These 
regions show a 2-4 times lower star formation efficiency 
SFEtot than regions at the opposite side of the galac- 
tic disk and are clearly associated with extraplanar gas 
in the edge-on spiral galaxies NGC 4330, NGC 4438, and 
NGC 4522. Phookun et al. (1993) also claimed that the 
northern extended gas disk of NGC 4254 is backfalling, 
extraplanar gas. Since this gas is located beyond the op- 
tical radius of NGC 4254, low star formation efficiencies 
are expected in these regions. 

The southeastern region of low star formation effi- 
ciency SFEtot in NGC 4501 is located inside the opti- 
cal radius and coincides with regions of steep spectral in- 
dices (< —1) between 1.4 and 4.8 GHz (VoUmer et al. 
2010). A steepening of the radio spectral index is also 
found in the extraplanar gas of NGC 4522 (VoUmer et al. 
2004b; Fig. [71). This implies that the star formation rate 
in these regions is not only particularly low today, but has 
already been low in the past. The lifetime of synchrotron- 
emitting electrons in a magnetic field strength of 5 fiG (as- 
suming equipartition between relativistic particles and the 
magnetic field) observed at 4 GHz is ~ 45 Myr. We sug- 
gest that ram pressure stripping as described in VoUmer 
(2003) and VoUmer et al. (2008a) is responsible for the 
decreased star formation efficiencies in these regions. It 
is expected that this gas is just leaving the disk. On the 
other hand, the regions of low star formation efficiency 
SFEtot in NGC 4654 and NGC 4330 do not show de- 
tectable radio continuum emission (Fig. [7])- This implies 
that star formation has always been small in these regions 
(NGC 4330) or that the timescale at which star formation 
dropped significantly is longer than the characteristic time 
for the decline of synchrotron emission at 1.4 GHz which 
is ~ 75 Myr (NGC 4654). We note that in NGC 4501 and 
NGC 4654 the regions of decreased star formation effi- 
ciency rotate into the ram pressure wind. The fifth galaxy 
with a low star formation efficiency with respect to the 
total gas in the extraplanar gas is NGC 4438 (Fig. [8]). In 
this galaxy even the star formation efficiency with respect 
to the molecular gas is reduced by a factor of ~ 3 (see 
Sect. 14. 3p with respect to the average molecular gas con- 
sumption time of this sample of 2.4± 1.1 Gyr (see Sect.[21). 

On the other hand, the western gas arm of NGC 4569 
(Fig. IB.lSp . which consists of resettling gas (VoUmer et 
al. 2004a), has a star formation efficiency SFEtot indis- 
tinguishable from that of the inner disk. Thus, the star 
formation efficiency in backfalling, resettling gas is higher 
than that of actively stripped gas. 



4.3. The unusually low SFE^aoi of NGC 4438 

In galactic disks, the standard environment for star for- 
mation, it consistently appears that the star formation 
rate is proportional to the H2 mass. This consistency im- 
plies that the variation in the structure of the molecular 
ISM and in the stellar IMF is small. The low SFE^oi in 
the ram-pressure stripped extraplanar gas of NGC 4438 
(Fig. [5]) suggests that the stripping mechanism has altered 
the state of the gas. Since the extraplanar molecular gas 
has been located within the optical radius before strip- 
ping (VoUmer et al. 2005b), its metallicity is expected to 
be around the solar value. Thus we do not expect the 
A^(H2)//co ratio of this gas to be affected by an unusual 
metallicitylfl It is interesting to note that in another non- 
disk environment, that of Tidal Dwarf Galaxies, SFE^oi 
is similar to that of spirals. The metallicity of Tidal Dwarf 
Galaxies is only slightly subsolar, such that a classical 
7V(H2)//co ratio probably applies (Braine et al. 2001). In 
ellipticals, the situation appears similar albeit with con- 
siderably greater scatter (Lees et al. 1991). 

What other cases of an unusually low SFEj^oi are 
known? Probably the best known case is that of the Taffy 
Galaxies (UGC 12914/5), an ISM-ISM collision discov- 
ered by Condon et al. (1993). In the bridge region, there 
is roughly five times the CO emission of the entire Milky 
Way (Braine et al. 2003; Gao et al. 2003) but the star 
formation rate is only ~ 1/lOth that of the Galaxy. The 
other galaxy-scale ISM-ISM collision, found by Condon 
et al. (2002), the UGC 813/816 system, shows the same 
low SFE^oi (Braine et al. 2004). It is also suspected that 
NGC 4438 had an ISM-ISM collision with M 86 (Kenney 
et al. 2008), and possibly also NGC 4435 (VoUmer et 
al. 2005b). The northern part of NGC 3227 in Arp 94 
also shows abundant H2 with little or no star formation 
(Lisenfeld et al. 2008). Some parts of Stephan's Quintet 
may also fall into this category. 

What are the common features of these systems? (i) 
The CO lines are broad, broader than for disk star forming 
regions, (ii) Strong radio continuum emission is present 
(see Condon et al. 1993, 2002 for the Taffy and UGC 813/6 
systems, Kotanyi et al. 1983, VoUmer et al. 2009 for NGC 
4438, and MundeU et al. 1995 for Arp 94). (in) Except for 
Arp 94 where the situation is unclear, the other systems 
involve gas-gas collisions and thus shocks, (iv) Except for 
Arp 94 where the situation is unclear, in each case the 
region with a low SFE^oi was created only a few 10 Myr 
ago. 

4.4. The influence of ram pressure on the ISM and star 
formation 

We found that for all but one galaxy the cluster environ- 
ment does not affect the star formation efficiency with 



^ However, given the pecuhar environment and properties of 
the extraplanar gas, the A''(H2)//co ratio of this gas has to be 
regarded with caution. 
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respect to the molecular gas. Gas truncation is not asso- 
ciated with major changes in the total gas surface density 
distribution of the inner disk of Virgo spiral galaxies. In 
three galaxies (NGC 4430, NGC 4501, and NGC 4522) 
the molecular fraction is increased by a factor of 1.5 to 2 
on the windward side of the galactic disk. The star for- 
mation efficiency with respect to the total gas is increased 
in the asymmetric regions of high molecular fractions in 
NGC 4330 and NGC 4522, but not in NGC 4501. A sig- 
nificant increase of the star formation efficiency with re- 
spect to the molecular gas content on the windward side of 
ram pressure-stripped galaxies is not observed. The ram- 
pressure stripped extraplanar gas of 3 highly inclined spi- 
ral galaxies (NGC 4330, NGC 4438, and NGC 4522) shows 
a depressed star formation efficiency with respect to the 
total gas, and one of them (NGC 4438) shows a depressed 
rate even with respect to the molecular gas. Ram pressure 
stripping thus generally decreases the star formation rate. 

How does ram pressure physically affect the ISM and 
star formation? On the one hand, ram pressure compresses 
the gas leading to higher volume densities. Higher gas den- 
sities lead to higher molecular fractions and star formation 
rates. On the other hand, transfer of energy between the 
intracluster medium and the ISM is also expected. Before 
and during momentum transfer by ram pressure, shocks 
are driven into the ISM which increase its thermal and 
turbulent pressure. The shock-heated molecular gas can 
be detected in the pure rotational H2 transitions S(0) to 
S(7) (Sivanandam et al. 2010, Wong et al. 2012b in prep.). 
In the absence of the confining gravitational potential of 
the galactic disk, and as it experiences a diverging gas flow 
in the earlier stages of ram pressure, the stripped gas thus 
disperses, its density decreases, star formation drops sig- 
niflcantly, and the star formation efficiency is low. On the 
other hand, the star formation efficiency is high in back- 
falling gas that re-settles in the galactic disk (NGC 4569). 
Gas stripped from the disk which never achieves escape ve- 
locity and is therefore not dispersed in early stages of strip- 
ping may resettle back into the disk. Dynamical simula- 
tions indicate that the overdense gas arms which can form 
in stripped gas (Vollmer et al. 2008b) resist dispersal bet- 
ter than lower density gas, and are more likely to be part 
of the backfalling gas. Such backfalling extraplanar arms, 
like the one in NGC 4569, are denser than the average ex- 
traplanar gas in early stage stripping, plus may experienc- 
ing a converging rather than diverging flow. These factors 
may account for the higher star formation efficiency in the 
extraplanar gas of NGC 4569. For the moment we know 
very little about the ratio between momentum and energy 
transfer during a ram pressure stripping event. 

5. Conclusions 

Wc have compared the 2-dimcnsional spatial distributions 
of gas and star formation efficiency in 12 Virgo spirals us- 
ing VIVA VLA Hi (Chung et al. 2009), Nobeyama 45m 
CO(l-O) (Kuno et al. 2007), IRAM 30m C0(2-l) (Vollmer 
et al. 2005b, Vollmer et al. 2008b, Vollmer et al. 2011), 



GALEX UV (Gil de Paz et al. 2007), and SPITSOV 
Spitzer infrared (Wong et al. 2012a, in prep.) data. The 
star formation rates were derived from the UV and to- 
tal infrared (TIR) emission based on the 8, 24, 70, and 
160 /xm data. To gain spatial resolution we made the ap- 
proximation /leo/nm ~ -frojum for most of the galaxies. This 
TIR emission was compared to the approximation only 
based on the 24 /itm data used in the literature. As ex- 
pected, the latter recipe underestimates the TIR in the 
outer parts of the disk where the stellar radiation field is 
weak and dust temperatures are low. In the galaxy centers 
of high gas density, the description based on 24 /im data 
overestimates the TIR emission up to a factor of 2-3. 

Our sample of Virgo spiral galaxies contains 5 galax- 
ies which are or were affected by ram pressure stripping, 
one galaxy which underwent a tidal interaction, and two 
galaxies which had a tidal interaction and are now under- 
going ram pressure stripping. Six galaxies show strongly 
truncated gas disks inside the optical radius. Two galaxies 
have anemic starforming disks, a type of galaxy which is 
also found outside clusters. The gas distributions and star 
formation efficiencies were compared to individual galax- 
ies of the THINGS (Walter et al. 2008) and HERACLES 
(Leroy et al. 2009) samples of nearby spiral galaxies. 

Based on our analysis we conclude that 

1. Inside the truncation radius, the inner disk molecular 
and atomic gas distributions of truncated Virgo spirals 
are not significantly different from those of nearby field 
galaxies. Gas truncation is not associated with major 
changes in the gas surface density of the inner disk of 
Virgo spiral galaxies. 

2. In three galaxies we detect a 1.5-2 times enhanced 
molecular fraction at the windward sides of the galac- 
tic disks with respect to the leeward sides. This in- 
terpretation of a high molecular fraction due to ram 
pressure compression is hampered by the extraplanar 
gas located at the leeward side of the galactic disk in 
one edge-on galaxy. 

3. Except for NGC 4438, the cluster environment does 
not affect the star formation efficiency with respect to 
the molecular gas confirming the results of Fumagalli 
et al. (2008). As in nearby field spiral galaxies, the 
star formation rate is approximately proportional to 
the molecular gas surface density (Bigiel et al. 2008, 
Leroy et al. 2008, Bigiel et al. 2011). 

4. The star formation efficiency with respect to the 
molecular gas of the extraplanar region in NGC 4438 
is reduced by a factor of ~ 3 compared to a molecular 
gas consumption rate of 2 Gyr. Displaced molecular 
gas can thus yield a significantly reduced star forma- 
tion efficiency SFEj^oi- 

5. We observe a possible moderate increase of the 
molecular fraction on the windward side of the ram 
pressure-stripped galaxies NGC 4330, NGC 4522, and 
NGC 4501. The first two galaxies show an increased 
star formation efficiency with respect to the total gas in 
these regions. These effects are not seen in NGC 4569 
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and NGC 4654, which are also affected by ram pres- 
sure. 

6. All Virgo galaxies have; counterparts for inner disk Hi 
and CO distributions in the sample of nearby field 
galaxies. We propose that high star formation efficien- 
cies with respect to the total gas at low total gas sur- 
face densities can be explained by a higher stellar sur- 
face density. In these galaxies the star formation efii- 
ciency with respect to the molecular gas is normal. 

7. The ram-pressure stripped extraplanar gas of the 
edge-on spiral galaxies NGC 4330, NGC 4438, and 
NGC 4522 shows a depressed star formation efficiency 
with respect to the total gas surface density. The inter- 
pretation for NGC 4330 and NGC 4522 is that stripped 
gas loses the gravitational confinement of the galactic 
disk, plus the gas flow is diverging, thus the gas density 
decreases and star formation drops. 

8. In addition to NGC 4330 and NGC 4522, we found 
two such regions of low star formation efficiency in 
the more face-on galaxies NGC 4501 and NGC 4654 
which both are undergoing ram pressure stripping. All 
regions with a low star formation efficiency also show 
low radio continuum emission or an unusually steep 
spectral index between 1.4 and 4.8 GHz. 

9. On the other hand, the stripped extraplanar gas of 
NGC 4569 has a normal star formation efficiency with 
respect to the total gas. It diff'ers from the galaxies 
in the earlier stages of stripping, perhaps because its 
extraplanar gas flow is converging as the gas resettles 
back into the disk. 

We do not find evidence of a strongly increased star 
formation efficiency due to the action of ram pressure. The 
most significant effect of ram pressure stripping on the star 
formation of the galaxies in our sample is a strongly de- 
creased star formation efficiency with respect to the total 
gas surface density in the stripped gas. This is important 
since it implies that even though some stars form in ram 
pressure stripped gas, the likely fate for the vast majority 
of the stripped gas is to be heated and join the general 
intracluster medium. 
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Fig. A.l. CO moment maps of NGC 4501 and NGC 4402. Left panels: resulting from clipping the CO data cube at 
a constant level of 75 mK. Right panels: after the procedure described in Sect. 12.1] involving the Hi data cubes. 
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Fig. B.l. NGC 4254: top left: star formation rate (from UV+TIR) in contours on a greyscale map of the to- 
tal gas surface density. Contour levels arc (1,2,4,8,16,32,64,128) 3 x 10"'' M0kpc~^pc~-'^. Greyscale levels are 
(1, 2, 4, 8, 16, 32, 64, 128) Mqpc"^. Top right: Total gas surface density contours on the molecular gas fraction Shs/Shi- 
Greyscale levels are (1,2,4,8,16,32,64) x 0.1. Middle left: total gas surface density contours on the star formation 
timescale = Eg/E*. Greyscale levels are (1, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100) 10 Myr. Middle right: star formation 
rate E* as a function of the molecular gas surface density Eh2 • The vertical set of points at the lowest Emoi are upper 
limits for Emoi- Lower left: star formation rate E* as a function of the atomic gas surface density Ehi- Lower right: 
star formation rate S, as a function of the total gas surface density Eg = Ehj + Shi- The solid line corresponds to a 
star formation timescale of = 2 Gyr. The arrow takes into account the CO detection limit. 
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Fig. B.2. NGC 4321: top left: star formation rate (from UV+TIR) in contours on a greyscale map of the to- 
tal gas surface density. Contour levels arc (1,2,4,8,16,32,64,128) 3 x 10"'' M0kpc~^pc~-'^. Greyscale levels are 
(1, 2, 4, 8, 16, 32, 64, 128) Mqpc"^. Top right: Total gas surface density contours on the molecular gas fraction Shs/Shi- 
Greyscale levels are (1, 2, 4, 8, 16, 32, 64, 128) x 0.1. Middle left: total gas surface density contours on the star formation 
timescale = Sg/E,. Greyscale levels are (1,10,20,30,40,50,60,70,80,90,100) x 10 Myr. Middle right: star forma- 
tion rate S* as a function of the molecular gas surface density Eh2- Lower left: star formation rate E, as a function of 
the atomic gas surface density Ehi- Lower right: star formation rate E* as a function of the total gas surface density 
Eg = Eh2 + Ehi- The solid line corresponds to a star formation timescale of = 2 Gyr. The arrow takes into account 
the CO detection limit. 
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Fig. B.3. NGC 4330: top left: star formation rate (from UV+TIR) in contours on a greyscale map of the total gas 

surface density. Contour levels are (1, 2, 4, 8, 16) 3x 10~^ M0kpc~^pc~-^. Greyscale levels are (1, 2, 4, 8, 16) Mopc"^. Top 
right: Total gas surface density contours on the molecular gas fraction Shs/Shi- Greyscale levels are (1,2,4) x 0.1. 
Middle left: total gas surface density contours on the star formation timescale = Sg/S*. Greyscale levels are 
(1,10,20,30,40,50,60,70,80,90,100) x 10 Myr. Middle right: star formation rate as a function of the molecular 
gas surface density Eh2- Lower left: star formation rate S* as a function of the atomic gas surface density Shi- Lower 
right: star formation rate S* as a function of the total gas surface density Eg = + ^m- The solid line corresponds 
to a star formation timescale of = 2 Gyr. The arrow takes into account the CO detection limit. 
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Fig. B.4. NGC 4330: top left: star formation rate based on Ha and TIR emission in contours on a greyscale 

map of the total gas surface density. Contour levels are (1,2,4,8,16) 5 x lO"** M0kpc~^pc~-'^. Greyscale levels are 
(1, 2, 4, 8, 16) Mqpc"^. Top right: Total gas surface density contours on the molecular gas fraction Ena/^^Hi- Greyscale 
levels are (1,2,4) x 0.1. Middle left: total gas surface density contours on the star formation timescale = Eg/S*. 
Greyscale levels are (1, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100) x 10 Myr. Middle right: star formation rate as a function 
of the molecular gas surface density Ehs- Lower left: star formation rate S, as a function of the atomic gas surface 
density Shi- Lower right: star formation rate S* as a function of the total gas surface density Eg = Ehj + ^m- The 
solid line corresponds to a star formation timescale of = 2 Gyr. The arrow takes into account the CO detection 
limit. 
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Fig. B.5. NGC 4402: top left: star formation rate (from UV+TIR) in contours on a greyscale map of the 

total gas surface density. Contour levels are (1,2,4,8,16,32) 8 x lO""* Mokpc'^pc"-'^. Greyscale levels are 
(1, 2, 4, 8, 16, 32, 64, 128) Mqpc"^. Top right: Total gas surface density contours on the molecular gas fraction Shj/Shi- 
Greyscale levels are (1, 2, 4, 8, 16, 32) x 0.1. Middle left: total gas surface density contours on the star formation timescale 
= Eg/E*. Greyscale levels are (1, 10,20,30,40,50) x 10 Myr. Middle right: star formation rate E* as a function of 
the molecular gas surface density Eh2- The vertical set of points at the lowest Emoi are upper limits for E„ioi- Lower 
left: star formation rate E* as a function of the atomic gas surface density Ehi- Lower right: star formation rate S# as 
a function of the total gas surface density Eg = Ehj + Ehi- The solid line corresponds to a star formation timescale 
of = 2 Gyr. The arrow takes into account the CO detection limit. 
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Fig. B.6. NGC 4419: top left: star formation rate (from UV+TIR) in contours on a greyscale map of the 

total gas surface density. Contour levels are (1,2,4.8,16.32) 5 x 10~^ M0kpc~^pc~"'^. Greyscale levels are 
(1,2,4,8,16,32,64) Mqpc"^. Top right: Total gas surface density contours on the molecular gas fraction Shj/Shi- 
Greyscale levels are (1, 2, 4, 8, 16, 32, 64, 128) x 0.1. Middle left: total gas surface density contours on the star formation 
timescale = Sg/S*. Greyscale levels are (1, 10, 20, 30, 40) x 10 Myr. Middle right: star formation rate as a func- 
tion of the molecular gas surface density Shs- Diamonds are upper limits for Emoi- Lower left: star formation rate S* 
as a function of the atomic gas surface density Shi- Lower right: star formation rate S* as a function of the total gas 
surface density Sg = + Shi. The solid line corresponds to a star formation timescale of = 2 Gyr. The dashed 
line indicates the level at which we had to clip the star formation rate due to PSF effects of the bright nucleus. The 
arrow takes into account the CO detection limit. 
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Fig. B.7. NGC 4438: top left: star formation rate (from UV+TIR) in contours on a greyscale map of the 

total gas surface density. Contour levels are (1,2,4,8,16.32) 4.5 x 10~^ M0kpc~^pc~-'^. Greyscale levels are 
(1,2,4,8,16,32,64) Mqpc"^. Top right: Total gas surface density contours on the molecular gas fraction Shs/Shi- 
Greyscale levels are (1, 2, 4, 8, 16, 32, 64, 128) x 0.1. Middle left: total gas surface density contours on the star forma- 
tion timescale = Sg/S*. Greyscale levels are (1. 10,20,30,40) x 10 Myr. Middle right: star formation rate as a 
function of the molecular gas surface density Sh2- Lower left: star formation rate S* as a function of the atomic gas 
surface density Ehi- Lower right: star formation rate E, as a function of the total gas surface density Eg = + ^m- 
The solid line corresponds to a star formation timescale of = 2 Gyr. The dashed line indicates the level at which 
we had to clip the star formation rate due to PSF effects of the bright nucleus. The arrow takes into account the CO 
detection limit. 
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Fig. B.8. NGC 4438: top left: star formation rate based on Ha and TIR emission in contours on a greyscale map 

of the total gas surface density. Contour levels are (1,2,4,8,16,32) 15 x 10""* M0kpc~^pc~-'^. Greyscale levels are 
(1,2,4,8,16,32) M0pc~-^. Top right: Total gas surface density contours on the molecular gas fraction Shj/Shi- 
Greyscale levels are (1,2,4,8) x 0.1. Middle left: total gas surface density contours on the star formation timescale 
= Sg/S*. Greyscale levels are (1,10,20,30,40,50,60,70,80,90,100) x 10 Myr. Middle right: star formation rate 
S* as a function of the molecular gas surface density Sna- Lower left: star formation rate S* as a function of the 
atomic gas surface density Shi- Lower right: star formation rate as a function of the total gas surface density 
Eg = + Shi- The solid line corresponds to a star formation timescale of = 2 Gyr. The arrow takes into account 
the CO detection limit. 
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Fig. B.9. NGC 4501: top left: star formation rate (from UV+TIR) in contours on a greyscale map of the 

total gas surface density. Contour levels are (1,2,4,8.16,32.64) 5 x lO"** Mokpc~^pc~"'^. Greyscale levels are 
(1,2,4,8,16,32,64) M©pc~^. Top right: Total gas surface density contours on the molecular gas fraction Sna/S^Hi- 
Greyscale levels are (1, 2, 4, 8, 16, 32, 64, 128) x 0.1. Middle left: total gas surface density contours on the star formation 
timescale U = Sg/S,. Greyscale levels are (1,10,20,30,49,50,60,70,80,90,100) x 10 Myr. Middle right: star forma- 
tion rate E* as a function of the molecular gas surface density • The vertical set of points at the lowest Smoi are 
upper limits for Smoi- Lower left: star formation rate S* as a function of the atomic gas surface density Shi- Lower 
right: star formation rate as a function of the total gas surface density Eg — + Shi- The solid line corresponds 
to a star formation timescale of = 2 Gyr. The arrow takes into account the CO detection limit. 



VoUmer et al.: The influence of cluster environment on star formation efficiency 



29 





Fig. B.IO. NGC 4522: top left: star formation rate (from UV+TIR) in contours on a greyscale map of the total gas sur- 
face density. Contour levels are (1,2, 4, 8, 16, 32) 3 x 10"'' Mekpc-^pc-i. Greyscale levels are (1, 2, 4. 8, 16. 32) Mopc'^. 
Top right: Total gas surface density contours on the molecular gas fraction SHa/^Hi- Greyscale levels are (1, 2, 4, 8) x 0.1. 
Middle left: total gas surface density contours on the star formation timescale = Sg/S*. Greyscale levels are 
(1, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100) x 10 Myr. Middle right: star formation rate E* as a function of the molecular 
gas surface density Sna- Lower left: star formation rate S, as a function of the atomic gas surface density Shi- Lower 
right: star formation rate S* as a function of the total gas surface density Eg = Ehj + Ehi- The solid line corresponds 
to a star formation timescale of = 2 Gyr. The arrow takes into account the CO detection limit. 
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Fig. B.ll. NGC 4522: top left: star formation rate based on Ha and TIR emission in contours on a greyscale 

map of the total gas surface density. Contour levels arc (1,2,4,8,16,32) 6 x 10""* M0kpc~^pc~-'^. Greyscale levels 
are (1,2,4,8, 16,32) Mqpc"^. Top right: Total gas surface density contours on the molecular gas fraction Shj/Shi- 
Greyscale levels are (1,2,4,8) x 0.1. Middle left: total gas surface density contours on the star formation timescale 
= Sg/S*. Greyscale levels are (1,10,20,30,40,50,60,70,80,90,100) x 10 Myr. Middle right: star formation rate 
S* as a function of the molecular gas surface density Eh2- Lower left: star formation rate E* as a function of the 
atomic gas surface density Shi- Lower right: star formation rate as a function of the total gas surface density 
Eg = + Ehi- The solid line corresponds to a star formation timescale of = 2 Gyr. The arrow takes into account 
the CO detection limit. 
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Fig. B.12. NGC 4548: top left: star formation rate (from UV+TIR) in contours on a greyscale map of the total gas 

surface density. Contour levels are (1, 2, 4, 8, 16) 3x10"'* M0kpc~^pc~-^. Creyscale levels are (1, 2, 4, 8, 16) Mopc"^. Top 
right: Total gas surface density contours on the molecular gas fraction EHa/Sni- Greyscale levels are (1, 2, 4, 8, 16, 32) x 
0.1. Middle left: total gas surface density contours on the star formation timescale = Sg/S*. Greyscale levels are 
(1, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100) x 10 Myr. Middle right: star formation rate as a function of the molecular gas 
surface density Shs- The vertical set of points at the lowest Emoi are upper limits for Emoi- Lower left: star formation 
rate S* as a function of the atomic gas surface density Shi. Lower right: star formation rate S* as a function of the 
total gas surface density Eg = Ehj + Ehi- The solid line corresponds to a star formation timescale of = 2 Gyr. The 
arrow takes into account the CO detection limit. 
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Fig. B.13. NGC 4569: top left: star formation rate (from UV+TIR) in contours on a greyscale map of the 
total gas surface density. Contour levels are (1,2,4,8.16,32.64) 8 x 10"'' Mokpc~^pc~"'. Greyscale levels are 
(1,2,4,8,16,32,64) M©pc~^. Top right: Total gas surface density contours on the molecular gas fraction SHa/^Hi- 
Greyscale levels are (1,2,4,8,16,32,64) x 0.1. Middle left: total gas surface density contours on the star formation 
timescale t.^ = Sg/S,. Greyscale levels arc (1,10,20,30,40.50,60,70) x 10 Myr. Middle right: star formation rate 
as a function of the molecular gas surface density • The vertical set of points at the lowest Smoi are upper limits 
for Smoi- Lower left: star formation rate as a function of the atomic gas surface density Shi- Lower right: star 
formation rate as a fimction of the total gas surface density Eg = Ehj + Ehi- The solid line corresponds to a star 
formation timescale of = 2 Gyr. The arrow takes into account the CO detection limit. 






Fig. B.14. NGC 4579: top left: star formation rate (from UV+TIR) in contours on a greyscale map of the total gas 

surface density. Contour levels are (1. 2, 4, 8, 16) 3 x lO"** MQkpc~^pc~^. Greyscale levels are (1, 2, 4, 8, 16) Mqpc~'^. 
Top right: Total gas surface density contours on the molecular gas fraction EHa/Sni- Greyscale levels are 
(1, 2, 4, 8, 16, 32, 64) x 0.1. Middle left: total gas surface density contours on the star formation timescale = Eg/E*. 
Greyscale levels are (1,10,20,30,40,50,60,70) x 10 Myr. Middle right: star formation rate S, as a function of the 
molecular gas surface density Ehj- Diamonds are upper limits for Emoi- Lower left: star formation rate E* as a function 
of the atomic gas surface density Ehi- Lower right: star formation rate E* as a function of the total gas surface density 
Eg = + Ehi- The solid line corresponds to a star formation timescale of = 2 Gyr. The arrow takes into account 
the CO detection limit. 
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Fig. B.15. NGC 4654: top left: star formation rate (from UV+TIR) in contours on a greyscale map of the to- 
tal gas surface density. Contour levels are (1,2,4,8,16.32,64.128) 3 x 10"'' MQkpc~^pc~"'. Greyscale levels are 
(1,2,4,8,16,32,64) Mqpc"^. Top right: Total gas surface density contours on the molecular gas fraction Shj/Shi- 
Greyscale levels are (1, 2, 4, 8, 16, 32) xO.l. Middle left: total gas surface density contours on the star formation timescale 

= Sg/E,. Greyscale levels are (1, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100) x 10 Myr. Middle right: star formation rate 
as a function of the molecular gas surface density • The vertical set of points at the lowest Emoi are upper limits 
for Smoi- Lower left: star formation rate as a function of the atomic gas surface density Ehi- Lower right: star 
formation rate E* as a fimction of the total gas surface density Eg = Ehj + Shi- The solid line corresponds to a star 
formation timescale of = 2 Gyr. The arrow takes into account the CO detection limit. 



